During the last 10 years evidence has been accumulating at a fast rate that the mineral composition of the diet plays an important role in the formation of mineral ized tissues, and in the susceptibility of enamel to erosion and to formation of caries. Variations in the dietary ratios of calcium to phosphorus have been found to affect the calcium, phosphorus and car bonate content of bone, dentin and enamel of both rats and cotton rats (Armstrong, '52; Bethke et al., '32; Dymsza et al., '59; Likins et al., '58; Sobel and Hanok, '58; Steel, '60) . A decrease in the incidence and severity of dental caries has been ob served in experimental animals receiving cariogenic diets supplemented by certain phosphate salts (Barnard and Johansen, '58; McClure and Muller, '59; Nizel and Harris, '60; Van Keen and Glassford, '56, '57) .
Erosion of enamel in vivo has been pro duced by acidic fluids at a pH of 3.5 or lower (McCay and Will, '49) , by lÃ¡clate at pH 4.5 and by citrate at both pH 6.3 (Zipkin and McClure, '49 ) and pH 5.0 to 6.0 (Hills and Sullivan, '58) . Enamels with a higher carbonate content have been found to dissolve at a faster rate in acidic solution in vitro (Sobel, '55) . With the exception of the fluoride ion and sucrose, the role of dietary constituents on sus ceptibility of dental enamel to erosion in vivo has received little attention.
Fruit juice and acidified beverages have been credited for lingual erosion of teeth in humans (Holloway et al., '58) . The extent to which the results from erosion studies with experimental animals can be 224 applied to erosion problems in man is un certain at the present time.
The purpose of the studies reported here was to determine the interrelationship be tween certain dietary constituents and the resistance of enamel in vivo to the erosive action of commonly consumed, acidic fluids.
EXPERIMENTAL
In a preliminary experiment, series 1, littermate, weaning, male rats of the Sher man strain were divided into two groups and fed either the high-calcium or highphosphorous diet which Sobel and Hanok ('48) designed for their study of caries by adding either calcium carbonate or disodium phosphate to a basal diet. The two groups were subdivided equally and given either distilled water or the water replaced three times weekly by 25 ml per rat of a cola beverage. There were 4 rats fed each of the dietary combinations hereafter des ignated as High-Ca-W, High-P-W, HighCa-C and High-P-C (W for water and C for cola). They were caged in pairs and fed ad libitum. The body weight, food consumption and fluid consumption were recorded weekly.
At the end of a 40-day experimental period the rats were chloroformed. The jaws were boiled for 15 minutes in distilled water and then cleaned. The molars were scored for erosion by the method of Re-starski et al. ("45) . The same two molars from the lower jaw of each rat were dis solved, as pairs, in 5 ml of 2 N HC1 at room temperature for 24 hours. After bringing the filtered solution to 50 ml with distilled water the calcium content was determined in 20-ml aliquots by the oxalate method (Kolthoff and Sandell, '52) and the phos phorus content in 0.8-ml aliquots by the colorimetrie method (Fiske and Subbarow, '25) .
A more refined experiment, series 2, was then undertaken in which a highly purified diet and a larger number of animals were used. Littermate, weanling rats of the Wistar strain were distributed according to weight between two diets and given one of three fluid combinations. The basal diet, which was low in phosphorus, consisted, in per cent, of white, technical dextrin, 79.1; vitamin-free casein, 9.0; cystine, 0.3; tryptophan, 0.1; threonine, 0.15; liver extract (concentrate, 1:20), 0.5; cod liver oil, 1.0; hydrogenated vegetable fat,3 4.0; cellulose powder, 1.7; salt mixture (Feaster, '53) , 4.0; choline chloride, 0.1; and vitamin mixture (Frost et al., '52) , 0.05. For the high-phosphate diet 1.25 gm of the dextrin was replaced by an equal quantity of monosodium phosphate. By analysis the two diets contained a percentage of phosphorus of 0.09 and 0.25 and a Ca:P ratio of 4.9 and 1.8 by weight and 3.8 and 1.4 by moles. The high-phosphorus diet con tained calcium, phosphorus and Ca:P levels within the normal range (Gaunt and Irving, '40; Wynn et al., '56) ; the lowphosphorus diet contained an adequate level of calcium but an abnormal ratio of Ca :P. The level of phosphorus in the latter diet was lower than the 0.124% used by Sobel and Hanok ('48) or the 0.25% by Wynn et al. ('56) but was higher than the 0.018% used by Zipkin et al. ('59) .
The three fluids used were distilled water ad libitum; distilled water replaced three times weekly by 20 ml of a commerciallycanned, orange juice, unsweetened, pH 3.7 to 3.8; or distilled water replaced by 20 ml of the orange juice previously neutralized to pH 6.0 by the addition of solid, C.P., so dium carbonate. The fluids were dispensed from glass drinking bottles. Food con sumption was equalized within litters. There were 6 dietary combinations : High-P-W, High-P-OJ, High-P-NOJ, Low-P-W, Low-P-OJ, and Low-P-NOJ (W for water, OJ for orange juice, NOJ for neutralized orange juice).
In this series 2 there were two groups of littermate rats: group A contained 8 rats, fed each of the 6 dietary combina tions; group B, composed of litters with much higher initial weights, contained 4 rats each receiving the High-P-W, High-P-OJ, Low-P-W and Low-P-OJ combina tions.
At the end of an 8-week experimental period the rats were chloroformed and the head and right tibia autoclaved at 5 pounds pressure for 15 minutes. The jaws were cleaned and the lower molars given scores for the extent of erosion as in series 1. The jaws and tibia were immersed in neutral, 80%, ethyl alcohol for 24 hours, drained, immersed in diethyl ether for another 24-hour period and then ovendried for one hour at 95 to 100Â°C. The 6 lower molars of each rat were pooled, ground to pass through a 100-mesh screen and separated into dentin and enamel frac tions (Brekhus and Armstrong, '35) . The whole tibias were ground to the same fine ness.
Four analyses were made on each pow der sample, in duplicate for dentin and tibia, on samples ranging from 3 to 12 mg. Glass distilled water was used throughout. The carbonate content of each sample was determined manometrically as carbon di oxide (Deakin and Burt, '44) first at 25Â°, later at 30Â°,after shaking for one hour. It was found convenient to weigh the powdered sample, previously dried at 100Â°f or 30 minutes, into a small glass cup which was slipped into the side arm of the Warburg flask. The solubility factor for COi in 2 N HC1 was used in calculating the flask constant.
The contents of the Warburg flask were filtered into a 25 mi-volumetric flask and, after repeated washings, brought to volume with water. A 1-ml aliquot was removed for the determination of phosphorus as in series 1.
The remaining 24 ml were washed into a 50-ml beaker, concentrated to about 10 ml on a hot plate, and adjusted to pH 6.0 by the successive addition of 40%, 20% and very dilute NaOH. The phosphate ions were removed by allowing this solu tion to flow through a Dowex-l-X4 (Cl~, 100 to 200 mesh) column, 9 by 250 mm, under gravity. It was found necessary to concentrate the effluent, readjust to pH 6.0, and re-run it through the column in order to remove all of the interfering phos phate ions. About 30 ml of distilled water were used to wash the solutions through the column.
The second effluent and combined wash ings were concentrated on a hot plate to about 15 ml and adjusted to pH 12.5 with NaOH. The calcium and magnesium con tents were determined by the Hildebrand modification (Hildebrand and Reilley, '57) of the Lott and Cheng ('57) method.
The accuracy of the methods was checked by testing samples of appropriate, C.P. salts by the same procedures of anal ysis. The carbonate content of 38 trials of CaCOo was 92.5% of theory and checked with the 92.6% found by Deakin and Burt ('44) without using the solubility factor. The recovery of magnesium and of calcium from the Dowex-1 column was found to be 98.9 and 98.7% respectively.
Aliquots of 4 bone and dentin samples were ashed at 500Â°C,dissolved in 2 N HC1 and analyzed for calcium, magnesium and phosphorus as before. No measurable dif ferences were found between these results and those for the corresponding, nonashed samples.
RESULTS
In series 1 the consumption of a cola beverage caused an erosion of the enamel which was readily seen under low power magnification. The extent of erosion, as measured by the Restarski scale, in the 6 molars was somewhat greater for the diet supplemented with the phosphate salt than that with calcium salt and showed, there fore, a dependence both upon the kind of fluid and the mineral composition of the diet.
The percentage levels of calcium and of phosphorus in the two teeth analyzed were very similar (table 1) and difficult to eval uate since they represented both dentin and enamel which varied in their propor tion to each other according to the extent of the erosion. The molars from the High-P-C dietary combination had a higher level of phosphorus and consequently a lower Ca:P ratio. The growth response was much lower for the phosphate supplemen tation than for the calcium supplementa tion.
The Low-P diets in series 2 were theoret ically at a ricketic level for phosphorus and in a few instances produced mal formed tibia. The addition of a phosphate salt to this basal diet to give a High-P diet had a beneficial effect upon growth and the weight of mineralized tissues (table 2) . The average gain in weight per week, length of tibia, weight of tibia, and total weight of the lower molars when using the High-P diets were statistically higher than the corresponding values with the Low-P diets for the rats in group A (P for Wgroups <0.1, for OJ < 0.2, for NOJ < 0.05; P for W < 0.01, for OJ and NOJ < 0.05; P for W, OJ and NOJ < 0.001; P for W, OJ and NOJ < 0.05). The heavier weight of the 6 molars was an accumula tion of the heavier weights for each of the individual teeth. In group B only the weight of the tibia was significantly higher (P for W < 0.1; P for OJ < 0.001) due, probably, to a much higher starting weight of the rats.
The orange juice was an additional source of mineral elements and by analysis increased the phosphorus, calcium and magnesium intake by one to two per cent, respectively. The beneficial effect upon the rats seemed to be minimal since the only differences observed between the water and orange juice combinations of diet were with the Low-P diets but these differences were statistically significant only for the length of the tibia (P for W versus OJ and for W versus NOJ < 0.2).
Erosion of enamel with variable expos ure of dentin was observed whenever orange juice was provided as the fluid but not when water or neutralized orange juice was provided. The results confirmed those of Restarski et al. ('45 ) that a pH 3.5, or lower, was required for in vivo erosion.
A difference in the degree of erosion was found for the two types of diet, a higher degree occurring on the High-P-OJ combin ation for both groups A and B (for group A the P for Low-P-OJ versus High-P-OJ <0.01; P for Low-P-OJ versus Low-P-W < 0.05; P for High-P-OJ versus High-P-W < 0.01; and for group B all P values < 0.001). These results demonstrated what had been indicated in series 1, namely, that the enamel was eroded to a greater degree by an acidic beverage when the diet was enriched with a phosphate salt with a resultant decrease in the Ca:P ratio.
The supplementation of the basal diet with a phosphate salt affected the chemical composition of both the tibia and the dentin (table 3) . For the tibia the percentages of calcium, of phosphorous and of carbon ate were higher for each of the High-P diets than those of the Low-P diets with the same kind of fluid intake (calcium-P for W < 0.05, for OJ < 0.01 and for NOJ < 0.1; phosphorus-P for W < 0.2, for OJ < 0.01 and for NOJ < 0.1; carbonate-P for W < 0.01, for OJ < 0.2 and for NOJ <0.01).
The Ca:P ratios were generally the same for all of the dietary combina tions but the Ca:CO3 and PO4:2CO3 ratios were higher on the Low-P diets with the exception of the Low-P-OJ dietary combi nations. There seemed to be no consistent differences between the values found for the W and OJ groups. The nutritional effect of the orange juice, at the levels pro vided in this study, again seemed to be negligible. The composition of the dentin varied with the diet but in a manner distinct from that of bone. For all of the High-P diets the percentage of calcium was higher, but not statistically so, than that for the Low-P diets; the percentage of carbonate was lower, in contra-distinction to that of the tibia, and in some cases statistically so (P for W < 0.1; for OJ < 0.6 and for NOJ < 0.05). No consistent differences in com position seemed to exist between the W and OJ groups, yet the highest values for the ratios of Ca :P and the lowest for those of Ca:CO3 and PO4:2CO3 were found in the NOJ groups. The composition of the tibia, closely related to that of the serum and of the diet, would contra-indicate a dietary role as the direct cause for these differences in the dentin.
LILLIAN N. ELLIS AND ELIZABETH
When water was the sole fluid the chemical composition of the enamel was the same whether the diet was high or low in phosphorus. In the orange juice groups the carbonate content of the eroded enamel was lower and significantly so for the High-P-OJ diet (P for High-P-W versus High-P-OJ <0.01; for Low-P-W versus Low-P-OJ < 0.4; for High-P-OJ versus Low-P-OJ < 0.01). An inverse rela tionship existed between the erosion score and the mean carbonate content for the High-P and Low-P diets as well as for the individual enamel samples in the two orange juice groups. The Ca:P ratios of these enamels were similar to those of the water groups but the Ca :CO3and PO4:2CO3 ratios were consistently higher.
The composition of the enamel from the NOJ groups gave evidence of chemical changes even though typical erosion had not been observed. The carbonate content was lower than that of the W groups (P for High-P-W versus High-P-NOJ <0.1) but not as low as that of the OJ groups (P for High-P-OJ versus High-P-NOJ < 0.05) and was lowest for the High-P-diet. The levels of calcium were higher than those for either the W (P for Low-P-W versus Low-P-NOJ <0.1; for High-P-W versus High-P-NOJ < 0.2) or the OJ groups (P for Low-P-OJ versus Low-P-NOJ <0.1; for High-P-OJ versus High-P-NOJ < 0.2). The levels of phosphorus showed a similar trend but with no significant differences. The net results were higher ratios of Ca:P, Ca:CO3 and PO4:2CO3 for the NOJ enam els than were found in the W groups.
The values found in these studies for calcium were lower and those for magnes ium higher than those generally reported in the literature. There seems to be little value in trying to make any direct compari sons since so many variables exist such as age and breed of animal, composition of the diets, preparation of the dental sam ples and methods of chemical analyses.
DISCUSSION
The data in these studies further con firmed the fact that an increase of dietary phosphorus above a low level affects the mineral composition of bone and dentin. Since this subject has been covered in a number of papers it will be discussed only as it relates to the major contributions of these studies, namely, the role of dietary phosphorus in the susceptibility of enamel to erosion in vivo and the changes in the chemical composition of teeth which occur as the result of erosion.
The enamel from the High-P-W and the Low-P-W groups, in which no erosion was observed, showed no difference in the com position with respect to calcium, phos phorus, magnesium or carbonate when a purified diet containing either 0.09 or 0.25% of phosphorus was provided. Yet, when littermates had their drinking water replaced three times a week by canned orange juice the enamel was eroded and to a higher degree with the diet containing the higher concentration of phosphorus, and a lower ratio of Ca :P. Similar results were obtained in a preliminary experiment in which the erosion of enamel by a cola fluid in vivo was more extensive when the natural diet was supplemented with a phos phate salt than with a calcium salt.
In these studies the ratio of Ca:P in the diet seemed to be the factor determining the extent to which erosion occurred when teeth were exposed in vivo to an acidic fluid. With two ratios of Ca:P and two types of diet the erosion was more severe when the Ca:P was decreased. Studies recently completed but unpublished fur ther confirm these results since an increase of dietary calcium, with a resultant in crease of Ca :P, was found to decrease the erosive action of orange juice. Dalderup ('59) concluded from his studies and those reported in the literature that the Ca:P ratio was an important factor in the de velopment of caries, but Wasserman4 using essentially the same studies felt the ratio to be a factor only at very low levels of dietary phosphorus.
The carbonate content of the eroded enamel layer was lower than that for non-eroded enamel and varied inversely with the extent of the observed erosion. The decrease in carbonate content would seem to have been the result of, rather than the causative agent for, the erosion; for before eruption the carbonate content of the enamels should have been the same, as shown in the later stages by the water groups. In addition, the dentin layer be low the eroded enamel had a lower content of carbonate for the teeth in which a greater extent of erosion had been ob served.
The process of erosion in vivo appeared to be unlike that in vitro since Sobel ('55) found that enamel with the higher car bonate content had the faster rate of solu tion in acids in vitro. The process of ero sion in vivo would seem to be associated with a metabolic action which could not be detected by the method used in these studies.
The ratios of Ca :CO3and of PCX:2CO3in the enamels increased with erosion but the ratios of Ca:P remained fairly constant. The apatite structure of these enamels cor responded more closely to that proposed by Hendricks (Armstrong, '52) in which car bonate ions were described as distributed randomly in the calcium phosphate lattice. Calcium and phosphorus must have been lost during erosion but, apparently, in a fixed, molar ratio.
The enamels exposed to neutralized orange juice did not appear to have been eroded. The weights of the separated enamel fractions were similar to those of the groups receiving water. Yet the car bonate content and the ratios of both Ca:COs and PO4:2CO3 of these enamels corresponded more closely to those from the orange juice groups than to those from the water groups. Erosion in vitro has been reported at a pH of 5.0 to 6.0 for citrate ions (Hills and Sullivan, '58) . Ci trate solutions of pH 4.0 have been classed as moderately strong decalcifying agents (Little et al., '54) .
Although the presence of an acid is re quired for the production of both erosion and caries, the metabolic processes seem to have little in common. Dietary increase of phosphate has been shown repeatedly to reduce the incidence of caries in experi mental animals and also in children (McClure and Muller, '59). However, it now becomes evident that, at least in rats, this same dietary practice has the adverse effect of making the enamel more suscep tible to the erosive action of acidic fluids. In view of the results of the data reported here caution should be exercised in the supplementation of human diets with phosphates for the control of caries.
SUMMARY
In a preliminary experiment the SobelHanok diet supplemented with either a calcium or phosphate salt was fed in con junction with water or water-cola to Sher man strain rats for 40 days. Erosion of the enamel layer occurred with the cola fluid and to a greater degree when using the phosphate supplemented diet. The levels of calcium and of phosphorus in the whole teeth were similar for all the diet-fluid combinations.
In a second experiment a highly purified diet containing either 0.09 or 0.25% of phosphorus was fed in conjunction with water, water and orange juice, or water and neutralized orange juice to Wistar-strain rats for 8 weeks. Irrespective of the fluid the following measurements were found at a higher level for the higher phosphate-con taining diet: length and weight of tibia; weight of 6 lower molars; percentages of calcium, phosphorus and carbonate in the tibia; and percentage of calcium in the dentin. The level of carbonate in the dentin was lower for the higher phosphate diet. The composition of the enamel showed no differences for the two levels of dietary phosphate when water was the sole fluid.
When canned orange juice, pH 3.7 to 3.8, was provided as the fluid, erosion of 4 Wasserman, R. H. 1960 Calcium and phos phorus interactions in nutrition and physiology. Symposium on the interaction of mineral elements in nutrition and metabolism. American Institute of Nutrition. the enamel layer occurred and to a greater extent on the higher phosphate diet. The carbonate content of the eroded enamel showed an inverse relationship with the extent of erosion but the Ca:P ratio re mained unchanged.
When neutralized orange juice was provided no erosion was observed but chemical changes occurred which were similar to, but not as marked, as the changes which occurred with un treated orange juice.
The level of carbonate in the eroded enamel was the result, and not the pri mary cause, of erosion. The Ca:P ratio, rather than the level of phosphorus, in the diet seemed to determine the degree of availability of carbonate ions for loss by erosion.
